Objective: To assess driving performance in Parkinson disease (PD) under low-contrast visibility conditions.
Reduced contrast sensitivity (CS) is a common feature of Parkinson disease (PD) 1-11 and is associated with poor outcomes on driving tests in parkinsonian drivers. [12] [13] [14] However, there are no published reports on driving under low visibility due to low-contrast lighting conditions in PD. This study evaluates the effect of different environmental visibility settings (high contrast ϭ clear sky, low contrast ϭ fog, as in figure 1) on vehicle control (indexed by SD of lateral position [SDLP] and lane violation counts [LVC]) during uneventful driving, and response to sudden hazards under low-contrast visibility conditions in drivers with PD using a driving simulator.
To test driver response to a sudden hazard under low-contrast visibility conditions, we used a collision avoidance scenario at an intersection. [15] [16] [17] Although intersections constitute only a small part of the roadways, more than 50% of all crashes in urban areas and more than 30% in rural areas occur at intersections. 18 We tested the hypotheses that, compared with neurologically normal drivers, drivers with PD 1) have poorer vehicle control (indexed by SDLP and LVC) under low-contrast visibility conditions and have more deterioration in their vehicle control going from highto low-contrast visibility condition, and 2) are at a higher risk of crashes in a simulated complex driving situation under low-contrast visibility conditions that posed a hazard for a collision. We hypothesized that driving performance under low-contrast visibility conditions can be predicted using performance on tests of cognitive, visual, and motor function within the PD group.
METHODS Participants. The drivers with PD were recruited from the Movement Disorders Clinics at the Department of Neurology, University of Iowa, and Veterans Affairs Medical Center, both in Iowa City. Potential participants were asked consecutively whether they were still licensed and driving. Those who were still driving were offered the opportunity to participate in the study. The controls were respondents to a newspaper ad to recruit comparison drivers without neurologic disease. All participants were examined by a board-certified neurologist with subspecialty training in PD (E.Y.U.) to confirm the diagnosis of PD and rule out neurologic disease in the control group.
We included participants with idiopathic PD (PD group) or without neurologic disease (control group) who were currently active drivers with a valid state driver's license and driving experience of greater than 10 years.
Exclusion criteria were cessation of driving before the encounter; acute illness or active, confounding medical, neurologic, or psychiatric conditions; secondary parkinsonism (e.g., drug induced); Parkinson-plus syndromes; concomitant treat-ment with centrally acting dopaminergic blockers within 180 days before baseline; or treatment with any investigational drug within 60 days before baseline.
We performed all testing during the times when the participant would normally feel ready to drive, i.e., during the "on" times, and also allowed participants to take rest periods as needed.
Standard protocol approvals, registrations, and patient consents. The study was approved by the Institutional Review Boards and Human Subjects Office of the University of Iowa. A written informed consent was obtained from all participants in the study.
Off-road testing battery. The battery methodology is explained in detail in our recent work. 1 For all tests, raw scores were used for analysis. Table 1 and table e-1 on the Neurology ® Web site at www.neurology.org show the elements of the offroad battery, abilities tested by each measure, and the direction of good performance. Details on this battery can be found in appendix e-1.
Driving simulator assessment. The Simulator for Interdisciplinary Research in Ergonomics and Neuroscience (SIREN) creates an immersive, real-time virtual environment for safely testing driving behavior in subjects with a range of cognitive Experimental performance data such as speed, steering wheel position (in degrees), and position of the car in the lane were collected digitally at 30 Hz and reduced to means, SDs, or counts for each virtual road segment. Lane violation (any wheel of the car crossing the lane) counts are obtained using lateral lane position of the vehicle with respect to the center line or the shoulder. Driving performance is captured (at 30 Hz) using miniature cameras to record the scene observed by the driver and provide a backup record of the driver's performance and lane tracking. Figure 2 shows part of the data output of the simulator superimposed on multiplex views of the participants.
After familiarizing the driver with the simulator, each participant drove approximately 37 miles on a simulated rural 2-lane highway (speed limit 55 mph ϭ 88.5 km/h) with interactive traffic. The first 30% of the drive took place under high-visibility conditions (clear sky, figure 1), followed by low-contrast visibility conditions that simulated mild fog (figure 1). The highcontrast scene (figure 1A) used the "unlimited" visibility setting (of the HyperDrive simulation software, DriveSafety, Salt Lake City, UT), and the low-contrast scene (figure 1B) used the "1200 m" visibility setting (mild fog). Using luminance values (Luminance Meter LS-110, Konica Minolta, Osaka, Japan) of the incurring vehicle (the truck in figure 2; L max ) and the background (L min ) at different distances from the intersection, we observed that the spatial contrast [ϭ (L max Ϫ L min )/(L max ϩ L min )] 22 between the vehicle and the background was markedly greater under high-visibility conditions compared with lowvisibility conditions (data not shown).
Mean and median speed, SDLP, and LVC (number of errors per mile) for high-and low-contrast visibility conditions were determined using segments that were comparable in terms of road geometry (straight, 2 lane), ambient traffic (minimal), and difficulty (no secondary task). Increased SDLP and LVC indicate poor vehicle control. 23 The participants completed a questionnaire after the drive. 24 Intersection incursion scenario. The simulator drive culminated with a collision avoidance scenario at an intersection under low-contrast visibility conditions. The intersection had a pickup truck positioned in one crossing lane and a sedan in the opposing lane, both waiting to cross perpendicular to the driver (figure e-1). As the driver approached to within 4.0 seconds of the intersection, the pickup truck pulled out in front of the driver.
The main dependent measure was occurrence of a crash, a binary measure. Another dependent measure was time to first reaction (TFR), i.e., time to first driver reaction to avert a collision (releasing the accelerator, or pressing the brake, or steering 10°or more) after the vehicle incursion began. Crash speed was also determined to estimate the severity of the crash if it occurred.
We do not have evidence to directly link intersection incursion scenario crashes with real-world crash results. However, all participants in this study also completed a road test. Across groups, participants who crashed in the simulator had higher error counts on the road than drivers who did not crash (crasher median count ϭ 38.5, noncrasher median count ϭ 31.5, p ϭ 0.027, Wilcoxon rank sum test; unpublished observations).
Statistical analysis.
We compared the PD and control groups with respect to demographic, visual, cognitive, mobility, and vehicle control measures and the TFR using the Wilcoxon rank sum test. Within-group changes in vehicle control measures were analyzed using the Wilcoxon signed rank test. For binary outcomes such as crashes, we calculated odds ratios and tested for significance using logistic regression. To adjust group comparisons for age, education, gender, and other covariates, we used linear regression for continuous outcomes and logistic regression for binary outcomes. Within the PD group, we determined the univariate predictors of SDLP and LVC during low-and highcontrast visibility conditions and of the TFR during the intersection incursion scenario by calculating Spearman correlations between these dependent measures and the off-road battery (demographic characteristics and performance on tests of cognition, vision, and motor function). Multivariate analyses (stepwise regression) were performed using univariate predictors with a p value Յ0.05 to identify the most important predictors for poor vehicle control under low-contrast visibility conditions, and occurrence of crashes and prolonged TFR during the intersection incursion scenario within PD.
RESULTS Participants. Thirteen of the 76 drivers with PD (11.8%) and 9 of 64 control drivers (20.3%) did not finish the drive because of simulator discomfort (p ϭ 0.17). Ratings using a standard selfreport tool 24 did not show a difference in the severity of simulator discomfort between the groups (p Ͼ 0.05).
The drivers with PD had mild to moderate disease severity (table 1). The PD group was less educated, had a larger proportion of males, performed worse on neuropsychological and visual tests, showing mild cognitive and visual impairments (table e-1), and performed worse on motor tests, consistent with PD.
Comparison of driving performance between groups. Vehicle control under low-and high-visibility conditions.
Compared with controls, drivers with PD drove faster (crude p Ͻ 0.05, adjusted p Ͻ 0.1) and showed poorer vehicle control on the low-contrast visibility (foggy) segment as shown by greater SDLP and LVC (crude p Ͻ 0.01, adjusted p Ͻ 0.05, table 2). On the highvisibility segment, the PD group tended to have higher SDLP compared with controls, but there was no significant difference in LVC. Vehicle control worsened from high-to low-contrast visibility conditions only within the PD group as manifested by significantly increased SDLP and LVC. The increase in SDLP and LVC from high-to low-contrast visibility conditions was significantly higher in the PD group compared with the control group (table 2) , showing that the PD group was more affected by the decrease in visibility created by fog. All group comparisons were adjusted for age, education, gender, far visual acuity [FVA], and CS.
Outcome of the intersection incursion scenario. The proportion of crashers was higher in the PD group (table 3) . Multivariate analysis showed that UFOV and CFT-Copy were the most important predictors of increased LVC, whereas SFM, UFOV, and UPDRS-ADL scores were the most important predictors of increased SDLP under low-contrast visibility conditions. Intersection incursion scenario. The significant univariate predictors of crashes at the foggy intersection within the PD group were worse performances on tests of basic visual sensory function (CS) and visual perception (SFM, UFOV, judgment of line orientation [JLO[) as seen in table 3. Multivariate analysis using stepwise regression showed that impaired motion perception as measured by SFM was the most important predictor crashes within the PD group. The significant univariate predictors (Spearman correlations, p Ͻ 0.05) of prolonged TFR to illegal incursion at the foggy intersection within the PD group were older age and worse performances on tests of basic visual sensory function (FVA, CS), visual perception (UFOV, JLO), and motor function (UPDRS-Motor score, speed: finger tapping) as seen in table 3. Multivariate analysis showed that CS and finger tapping were the most important predictors of prolonged TFR. 
DISCUSSION
This study showed that drivers with PD had poorer vehicle control and committed more safety errors, and were slower in responding to hazards and at higher risk for crashes compared with controls under simulated lowcontrast visibility driving conditions. Transition from high-to low-contrast visibility conditions degraded the performance of drivers with PD more than controls. The adverse effects of low-contrast visibility on driving performance in drivers with PD persisted after group comparisons were adjusted for variety of factors, suggesting that the lower educa- tion, predominantly male gender, or impaired basic visual sensory functions such as FVA and CS of the participants with PD were not enough to explain the group differences. Among crashers, drivers with PD crashed at faster speeds than controls, suggesting higher severity collisions. Poor vehicle control of drivers with PD in fog, as measured by SDLP and LVC, was primarily predicted by worse performances on tests of basic visual sensory function, visual processing speed and attention, motion perception, visuospatial constructional abilities, and visual memory, showing the contribution of visual dysfunction across all levels of the visual system (as documented in PD 1 ) to the degradation of driving safety under lowcontrast visibility conditions. Under high-visibility conditions, correlations of vehicle control measures with performances on visual perception and cognition tasks were similar to those observed for lowvisibility conditions, consistent with the visual demands of driving. However, worse performance on motor measures (e.g., speed of movement as indexed by finger tapping) correlated with poorer vehicle control predominantly during low-visibility driving, suggesting that motor slowing due to PD can become an important negative factor affecting vehicle control under visually challenging conditions.
Poor performances on measures of visual attention (UFOV 3 SDLP and LVC) and visuoconstructional abilities (CFT-Copy 3 LVC) and motion perception (SFM 3 SDLP, crashes at the intersection) were the most important predictors of impaired driving under low-contrast visibility conditions after multivariate analyses. These findings suggest that disturbances in "higher level" visual functions play an independent and critical role in driving safety under low-contrast visibility conditions in PD, even in the presence of reduced basic sensory functions such as visual acuity or CS.
Cognitive and visual impairments due to PD were the primary predictors of driving outcomes in our study consistent with previous research by us 14, 25, 26 and others. 12, 13, [27] [28] [29] [30] [31] [32] [33] [34] Here, we also find that motor dysfunction of PD is associated with poor driving outcomes as shown by the correlation of indices of PD severity with vehicle control measures and TFR to the intersection incursion. Poor postural stability (reduced FR) and low levels of independence (low SE scores) correlated with both high SDLP and LVC. Finger tapping speed, disease duration, and UPDRS-ADL score also correlated with SDLP, and poor UPDRS-ADL score was one of the most important predictors of high SDLP. High motor UPDRS score and reduced finger tapping speed correlated with TFR. Furthermore, reduced tapping speed emerged as one of the 2 most important predictors of the slowing of the TFR after multivariate analysis, suggesting that worse motor function might have indirectly contributed to the occurrence of crashes, independent of cognitive and visual dysfunction of PD.
Contribution of motor dysfunction to poor driving performance in PD was also reported by others. 12, 30, 32, 35 The predictors of driving performance in PD may depend on the task demands. For example, in our previous work on driving performance and safety during multitasking with secondary visual and cognitive demands, the predictors of driving performance outcomes were measures of visual and cognitive function. 14, 25, 26 Motor dysfunction becomes an important predictor of driving performance when speed of behavior is critical as in responding to sudden hazards as in our intersection incursion scenario or controlling the lane position of the vehicle under challenging low-contrast visibility conditions.
Our study had various limitations: We did not compare response to hazardous intersection incursion under high-and low-contrast visibility conditions. The intersection incursion scenario in fog was placed as a terminal event in the drive. Experiencing a similar crash event during a prior phase in highvisibility conditions and then continuing the drive could have diminished the realism of this simulated drive and would have introduced practice effects. Another limitation could be that the order of presentation of high-and low-visibility driving segments was the same for all participants, raising the question of whether fatigue over the course of the drive might have contributed to poorer performance on the lowvisibility segment. However, both participants with PD and control participants rated their level of sleepiness and boredom as low on the postdrive questionnaire, 24 and these measures were not associated with change in vehicle control measures from high-to low-visibility settings.
Use of a driving simulator allowed us to make observations of the behavior of drivers with PD under challenging low-contrast visibility conditions in a controlled and safe manner. Our results suggest that a large proportion of drivers with PD maybe at further risk for unsafe driving during fog or twilight because of visual, cognitive, and motor impairments.
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